INTRODUCTION
We have extended our laboratory study of the flow and fracture of water ice I [Durham et al., 1983; Kirby et al., 1987 ] to include ice + rock mixtures. Water is one of the more important volatile constituents of many of the lowdensity moons of the outer solar system, and since most of these moons have some rocky component, ice + rock mixtures must exist or have existed in at least some regions on these moons. Our experiments are intended to constrain evolutionary models of the icy moons. Of particular interest is the so-called Ganymede-Callisto dichotomy, which has puzzled planetologists since the Voyager flybys of Jupiter; although the two giant moons have nearly identical compositions, they have radically different external appearances [McKinnon and Parmentier, 1986; Mueller and McKinnon, 1988] . The difference between the moons may have resulted from a thermomechanical instability during the evolutionary process. Friedson and Stevenson [1983] have suggested that subtle differences in ice/rock ratios can produce rheological differences that can drive an icy moon to differentiate (Ganymede?) or not differentiate (Callisto?).
The determination of the rheology of ice + rock mixtures is also crucial to understanding the nature of planetary particulates, are presented here also. Those related studies are (1) a refinement of the flow law for pure ice I, which was necessary to improve the resolution of some of the more subtle effects of particulates; (2) the effect of varying initial grain size in pure ice I; and (3) a microstructural study of textural evolution during the initial stages of deformation. We manufactured the samples by adapting a method we described earlier [Durham et al., 1983 ], and we briefly outline here. Sieved seed ice grains, made by grinding frozen distilled water in a blender, were packed into stainless steel tube molds to a standard porosity of 40%. The molds were then evacuated at about 258 K to a pressure near 10 -3 atto for 15 min. While still under vacuum, the molding assembly was immersed in a water/ice bath. When the assembly had equilibrated at 0øC, distilled water, degassed by boiling and cooled under its own vapor to 0øC, was admitted to the molding chamber and after several seconds, air pressure was opened above the water source, further driving the water into the molds. The individual molds were then placed on a copper plate in a freezer at 255 to 258 K while covered on the sides and top by foam insulation. Freezing thus proceeded upward over the course of several hours, driving any exsolved gas bubbles ahead of the freezing front, eventually leaving them near the top of the sample where they could be cut off and discarded after freezing was complete. The polycrystalline ice that results has a uniform texture, and the grains show no preferred orientation, are equant, and lack optical evidence of internal strain (Figure l a) . Our "standard" ice we routinely use for experimental starting material is made from 0.6-to 1.0-ram seed ice, and further grain growth yields a final grain size of 0.75-1.75 min. Other pure ice samples fabricated for this study were made with 180-to 250-gin and 1-to 2-ram seed ice, yielding samples with final grain sizes of 0.2-0.6 mm and 1.25-2.5 ram, respectively.
The mixed-phase ice samples were made by mixing the seed ice with weighed amounts of particulates at 255-258 K until a uniform appearance was obtained and then packing this mixture into the molds to a standard porosity of 40%. Three different particulates were used: 20-gin SiC, 2 -+ l-gin calcite, and 100 -+ 50-gin quartz sand. Subsequent steps were identical to those described above for the pure ice samples, except that the samples with the highest volume concentration of quartz sand (•b = 0.56) were made by packing the molds with pure sand without seed ice. Although we made some of our earliest SiC + ice aggregates by freezing water with SiC and then grinding and sieving this aggregate for seed material, the test results of these samples were indistinguishable from those of samples made by the more conventional method.
The resultant samples are not uniformly dispersed aggregates of ice and particles. The uniformity of SiC particulates in the ice samples is good, based on external examination of the transparent ice samples. The same is not true of the calcite + ice samples. Replicas of the surfaces of sawcut and polished samples (Figure 1 b) show approximately spherical ice grains (with some fine inclusions of calcite) immersed in an aggregate of concentrated calcite and ice. Several large ice grains contain fine calcite rings delineating the original seed ice grain, suggesting that most of the calcite is excluded during continued growth of the ice grains. This presumably occurs because of surface tension at the liquid-ice interface and the volume increase upon freezing that squeezes the remaining calcite-water mixture and expels excess water through the porosity into the water reservoir in the molds above the sample chamber. Particulates in •b -0.10 and 0.30 quartz sand + ice samples appear to be somewhat more uniformly distributed than in the calcite + ice samples, but this may largely be due to the difference in particulate sizes. The quartz particulates are 100X larger than the calcite particulates, giving the quartz-bearing samples a significantly coarser appearance. For quartz + ice samples with •b -0.10 and 0.30, the texture, similar to calcite + ice samples, is dominated by seed ice plus an interstitial ice/particulate mix. This agrees with Baker's [1978] observation that when using a freezing process similar to ours, quartz sand particles also tend to be attracted to liquid/solid interfaces and subsequently end up in grain boundaries. Our highest concentration quartz/ice samples (•b = 0.56), however, have a very uniform quartz distribution, since no seed ice was involved in the fabrication process (Figure 1 c) . The ice grains in these samples grew to an average size of 0.4-1.0 mm, often encompassing the dispersed quartz grains. 
EXPERIMENTAL METHODS
Samples were sealed in indium metal jackets to exclude the confining pressure medium and mechanically tested at elevated pressure and low temperature using techniques that have been described elsewhere [Durham et al., 1983; Heard et al., 1990] and are only summarized here. The testing apparatus is a conventional high-pressure gas vessel outfitted with a sliding piston that loads the end of the sample in compression. The usual mode of operation is constantdisplacement-rate testing, wherein the dependent variable, the force F above hydrostatic required to keep the sample shortening at a constant displacement rate k, is measured by an internal force gauge. The vessel is immersed in a liquidfilled cryostatic tank and can be chilled to temperatures as low as 77 K. Temperature stability is usually excellent, +-0.5 K or better, because of the large thermal inertia of the system. "Standard" relationships and conventions are used to convert measured quantities F, k, and shortening displacement Au to differential stress (tr), strain rate is, and shortening strain s:
where L 0 is the starting sample length measured along the cylinder axis, and L and A are the instantaneous sample length and area normal to the cylinder axis, respectively. The value A follows from the assumption of uniform strain and constant sample volume.
In the ductile field, the deformation of ice can usually be described by a relationship of the form n -(Q* +PV*)/RT is ss = Atr ss e where P is pressure, T is temperature, and A, n, Q*, and V* are constants. R is the gas constant. The subscript ss refers to "steady state," which in this paper is taken to mean that the variable in question does not change in an increment of time.
Many figures in this paper are Arrhenius diagrams of log ass versus inverse temperature at conditions of fixed pressure and strain rate. However, under the experimental condition of constant displacement rate, strain rate is slightly strain-dependent, so to plot results at constant strain rate, we correct ass on the basis of (1) by an amount (is/is0)I/n, where is0 is the fixed strain rate. The exact value of n is unknown before testing, of course, so an iterative exercise is necessary for the exact correction. In practice, however, the strain rate correction is small enough that approximate values of n are satisfactory. Here we use n -5. The nominal strain rate is0 we use in the figures is 3.5 x 10 -m s -1, where m is a positive integer, while the actual is ranges from about 3.3 to 4.9 x 10 -m s -1. The change in ass corresponding to a +-1 change in n is about 2%. To summarize the results, the effect of low concentrations Table 1 , runs 232 and 234, 4) = 0.56 quartz). In those runs an initial strength maximum was followed by a brief period of strain softening, after which there occurred an extended period of strain hardening. Since 4) = 0.56 is close to the densest packing of particles of uniform size, it is reasonable to suspect that narrow ice "bridges" between the hard particulates closed after a small amount of strain; the hard particles then contacted and formed a rigid framework, causing the stress to rise again after the first stress maximum. Similar behavior has been observed by Parameswaren and Jones [1981] in frozen sand deformed at 263 K. Although their samples were unjacketed, causing failure after a few percent strain, they also concluded that the second rise of strength with strain was caused by sand particles coming in contact with each other.
Comparison of "steady state" ductile strengths. The flow law for "standard ice," pure ice I of grain size 0.75-1.75 mm, serves as a useful datum for comparison to other ices. However, there is some uncertainty in the location of this datum, especially at T < 200 K. This uncertainty is illustrated in Figure 7 where our earlier data [Kirby et al., 1987] are compared with standard ice tested as a part of this study (Table 2) . At T > 195 K the agreement between earlier and more recent results is good; at T < 195 K the more recent results are consistently lower than the earlier results by a factor of about 1.5, or about one order of magnitude in strain rate at fixed stress. We were aware of this discrepancy during the tests but still were unable to determine the cause. A measurement error is very unlikely. Force gauge calibrations have been in good order throughout the history of this apparatus and in fact have shown no drift over several years. The several thermocouples used on the system since about Table 3 ). For the purposes of this work, we have estimated a second set of parameters for the lowtemperature flow regime. We leave unresolved the question of which set of parameters is more appropriate, say, to flow within the icy moons. were about 100 and 200 MPa at s = 0.20; strain rates were not specified. We assume their strain rates were within an order or two of magnitude of ours.) Thus the differences between the two curves in Figure 6 , especially after the initial yielding, may be partly a result of different confining pressures. Temperature-stepping tests at constant pressure (Table 1, We should emphasize that this increased ductility is not a strengthening in the sense discussed in preceding paragraphs. Rather, the effect seems to be an increased toughness. One explanation for this behavior is the limiting of crack growth by sand particles, making a critical flaw length harder to achieve. To illustrate how pronounced this tough-ening is, the behavior of the sample just cited contrasts with four samples tested in an earlier study [Durham et al., 1983] at T -141 -+ 2 K and • • 3.5 x 10 -6 s -1 . All four showed a slight amount of ductility, in that the stress-strain curves showed a small but measurable departure from elasticity just before failure. However, all four did fail on a macroscopic shear fault in a narrow range of ultimate strengths from 126 to 136 MPa.
The three samples tested at 77 K actually did suffer unstable faulting (Table 1) samples were such that the predicted Orowan shear stress was more than a factor of 10 higher than the applied stress, demonstrating that at high temperatures, other factors control the strengthening effects of particulates.
An obvious limitation of the present work is that the molding technique for making all but the & = 0.056 quartz + ice samples produced heterogeneous particle distributions that probably reduced the overall effects of the particulates. This was most evident in the • = 0.20 calcite + ice samples, as noted above. Clearly, improvements in the methods for making samples are needed to achieve more uniform mixtures. Nevertheless, the sensitivity of strengthening to the spatial distribution of hard particles observed in this study suggests that particle heterogeneities in nature also tend to reduce the potential strengthening effects of hard second phases. Segregations of purer ice are likely regions of strain localization in steady state flow, whereas the opposite may be true at low permanent strain. Last, improvements are needed in the methods of optical examination of deformed samples, notably in the preparation of thin sections for petrographic study.
We summarize most of our mechanical results in Figure  14 , which plots relative strength versus &, where relative strength is defined as the ratio of the strength of a particulate + ice sample to that of a pure ice sample under identical or nearly identical conditions. Following the geometric argument made above for calcite + ice, the strain rate in the ice fraction of a mixture must be at least Figure 14 shows that relative steady state strengths are about 1.5 and 3.5, respectively, resulting in viscosity ratios of 5 and 150 (using n = 4). Thus the conjecture by Friedson and Stevenson that high-viscosity material will lead to excessive internal heating and melting actually becomes more likely. However, in considering the implication of these higher relative viscosities for the thermomechanical evolution of icy satellites, it is worth bearing in mind that predictions of the effects of particulates depend critically on how the particles are distributed.
A surface layer of ice and rock on Ganymede or Callisto that is 50% rock by volume will have a viscosity that is about 2 orders of magnitude higher than that of pure ice, if the results in Figure 14 extrapolate directly to planetary strain rates. (Note that the lowered effect of particulates in the transient stage of deformation, the lower curve in Figure 14 , offsets the higher strength of pure ice in this stage, resulting in viscosity for rock + ice that is less strain-sensitive than that of pure ice.) The implications for retention of surface topography are therefore favorable, but before our results can be used to estimate the particulate content of surface ices, the differences between models of surface processes (e.g., Croft [1988] 
